1. Ocular exposure to early morning room light can significantly advance the timing of the human circadian pacemaker. The resetting response to such light has a non-linear relationship to illuminance. The dose-response relationship of the human circadian pacemaker to late evening light of dim to moderate intensity has not been well established. 2. Twenty-three healthy young male and female volunteers took part in a 9 day protocol in which a single experimental light exposure 6·5 h in duration was given in the early biological night. The effects of the light exposure on the endogenous circadian phase of the melatonin rhythm and the acute effects of the light exposure on plasma melatonin concentration were calculated. 3. We demonstrate that humans are highly responsive to the phase-delaying effects of light during the early biological night and that both the phase resetting response to light and the acute suppressive effects of light on plasma melatonin follow a logistic dose-response curve, as do many circadian responses to light in mammals. 4. Contrary to expectations, we found that half of the maximal phase-delaying response achieved in response to a single episode of evening bright light (•9000 lux (lx)) can be obtained with just over 1% of this light (dim room light of •100 lx). The same held true for the acute suppressive effects of light on plasma melatonin concentrations. This indicates that even small changes in ordinary light exposure during the late evening hours can significantly affect both plasma melatonin concentrations and the entrained phase of the human circadian pacemaker.
light below 180 lx (Jewett & Kronauer, 1998) . Furthermore, the use of three consecutive days of light administration, each with a 5 h pulse of light administered at the same clock time, complicates characterization of the dose-response relationship from those data because of the interaction of non-linear intensity-dependent and non-linear phasedependent effects of light on the circadian pacemaker. We therefore embarked on a refined assessment of the response of the human circadian pacemaker to a single episode of nocturnal light exposure. We have discovered that the human circadian pacemaker can be phase delayed by dimmer light than previously reported. Not only is the pacemaker responsive to the resetting effects of exposure to •100 lx of light in the horizontal angle of gaze, but we found this illuminance to be so effective that it generated half of the maximum circadian phase delay resetting response that was observed at this phase in response to light two orders of magnitude greater in intensity (•9000 lx).
METHODS

Protocol
We exposed 23 healthy young male and female volunteers, aged 18-44 years (27·8 ± 8·91 years (mean ± s.d.)), each to a single illuminance of light, ranging from 3 to 9100 lx in the horizontal angle of gaze ( Fig. 1) , during a 9 day protocol (for screening procedures and more extensive protocol details, refer to Boivin et al. 1994 and Duffy et al. 1996) . Prior to beginning the protocol, all subjects gave informed, written consent; the Human Research Committee at the Brigham and Women's Hospital monitored the protocol and all procedures. All experimental procedures were Figure 1 . Phase shift of the human circadian pacemaker and acute suppression of plasma melatonin Melatonin profiles during days on which the first constant routine (CR) (1 and 2), the single experimental light exposure 6·5 h in duration (3), and the second CR (4) occurred are shown for three representative subjects (1799, 1855, 17A2) . In the dimmest light condition, exposure to the dim light stimulus (•3 lx) had little effect on either the phase of the melatonin rhythm (phase shift (Äö) 0·07 h) or concentration of plasma melatonin (suppression 11 %). In the brightest light condition (•9 100 lx), light both shifted the rhythm (Äö −3·2 h) and completely suppressed plasma melatonin (98%). Exposure to dim room light (•106 lx) evoked more than half of the shift observed in the brightest light condition (Äö −1·8 h compared with −3·2 h) and a nearly equal amount of suppression (88%). During the CRs and day of experimental light exposure, subjects were exposed to no more than 5 lx in the horizontal angle of gaze at any time except during the scheduled sleep episodes (hatched bars < 0·03 lx) and the experimental light exposure (labelled open boxes, see Fig. 2 ). Individual subject data were plotted on a time scale in which their habitual wake time was assigned a reference value of 08.00 h. Phase of the melatonin maximum (midpoint of the upward and downward mean crossings) during each CR is noted as the 9. For graphical purposes, ordinate values were normalized to each subject's absolute peak plasma melatonin concentration.
carried out in accordance with the principles of the Declaration of Helsinki. Following at least 2 weeks of a regular, at home sleep:wake schedule and three in-patient baseline days in a room free of time cues, we estimated the initial timing (phase) of the circadian system from the fitted minimum of the endogenous core temperature (Tmin) rhythm recorded continuously via a rectal thermistor (YSI, Yellow Springs, OH, USA). Core temperature was estimated during a constant routine (Mills et al. 1978; Czeisler et al. 1989 Czeisler et al. , 1990 ) of •50 h, using a two harmonic regression model (Czeisler et al. 1989; Brown & Czeisler, 1992) . Following an 8 h scheduled sleep episode, subjects awoke to 16 h of wakefulness centred within which was a 6·5 h pulse of experimental light exposure. The experimental light exposure was scheduled to start 6·75 h before Tmin and to end 0·25 h before Tmin. It was thus centred 3·5 h before Tmin, a time during which bright light is known to induce phase delays of the circadian system (Jewett et al. 1994) . Subjects were required to remain seated for the duration of the 6·5 h exposure, alternating their gaze between a fixed spot on the wall and free gaze every 6 min. No photophobic behaviour (e.g. closing one's eyes, reading) was allowed during any portion of the experimental light exposure. Light was generated using overhead cool white fluorescent lamps (North American Philips Lighting, Bloomfield, NJ, USA) filtered with a Lexan 9030 UVrestricting lens (General Electric Plastics, Pittsfield, MA, USA) and designed to provide uniform illuminance to the whole experimental room (Philips Lighting, The Netherlands). To quantify the illuminance of light to which the subject was exposed during the experimental light exposure, light measurements were taken from the corneal level in the horizontal angle of gaze during the fixed portions of exposure, using a research photometer (IL1400, International Light, Newburyport, MA, USA). The illuminance values reported are the mean of the illuminances recorded during these fixed periods of gaze. During the period of free gaze, illuminance values were typically •70% of those during the fixed gaze. The next day, subjects awoke into a second constant routine of •30 h duration in order to assess the effects of the experimental light exposure on endogenous circadian phase. Subjects were allotted a final 8 h sleep episode and were discharged upon awakening on Day 9. During the baseline days, illuminance in the horizontal angle of gaze was < 150 lx during wake episodes and < 0·03 lx during sleep episodes. For all other days (except for during the experimental light exposure) subjects were exposed to no more than 10 lx during wake episodes and < 0·03 lx during sleep episodes.
Assays
Core temperature was used to estimate circadian phase during the experiment in order to schedule the timing of the experimental light exposure. However, comparative analysis has shown melatonin phase, as defined by the midpoint between the upward and downward crossings of the 24 h mean (Shanahan, 1995; Zeitzer et al. 1999) , to be a more reliable and accurate measure of circadian phase (Gershengorn et al. 1998 ). Therefore, we collected blood samples twice an hour throughout the protocol and later assayed them for plasma melatonin concentrations (assay sensitivity of 2·5 pg ml¢; intra-assay and interassay percentage coefficients of variation, were 8 and 13%, respectively; DiagnosTech, Osceola, WI, USA). Post hoc analysis of initial melatonin phases revealed that the experimental light exposure was mistimed in two subjects. In these two subjects, the midpoint of the experimental light exposure was at or after the melatonin maximum, a time at which light will begin to advance the phase of the circadian pacemaker. In the remaining 21 subjects, the light on average (± s.d.) occurred 2·0 ± 0·95 h before the melatonin maximum.
Statistics
Phase shifts were calculated as the difference between the melatonin phase during the first constant routine and the melatonin phase during the second constant routine. Melatonin suppression was calculated using the following equation:
AUCbaseline in which AUC is the area under the plasma melatonin profile as calculated by the trapezoidal method (Microcal Origin 5.0; Zeitzer, 1999) . Baseline AUC was calculated during the 4 h before the melatonin maximum during the second melatonin cycle of the first constant routine, during which time the subject was continuously semirecumbent and exposed to < 10 lx of light. The light AUC was Human circadian photic sensitivity J. Physiol. 526.3 Table 1 . Statistical comparison of models fitted to the illuminance-response circadian phase shift data
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Parameters are shown with the standard deviation of the fit. Adjusted RÂ is the correlation coefficient, AIC Akaike's Information Criterion, RSE residual squared error.
(a − c) ( + (xÏb)) 1 d calculated during the same four clock hours of the next melatonin cycle, during which time all subjects were seated and exposed to the experimental light. The following models were fitted to the data (Tables 1 and 2) : power model, cube root model (power model with the power term fixed at 0·33) (Boivin et al. 1996) , log model, three parameter logistic model (from which the Naka-Rushton and Michaelis-Menten equations are derived) (Nelson & Takahashi, 1991b) , and a four parameter logistic model (a version of the three parameter logistic model with an added power term that has been shown to be useful in modelling some biological responses to light (Boynton & Whitten, 1970; Brainard et al. 1983; Nelson & Takahashi, 1991b) ). The three and four parameter logistic models estimate well responses that have a sigmoidal relationship with increasing stimulus strength. In the logistic models, a is the estimated response of the system to 0 lx of light, b is the lux value at which 50% of the maximal shift (or suppression, as appropriate) is observed, c is the asymptotic maximal responsiveness of the system, and d, in the four parameter logistic model, is a measure of the steepness of the rising portion of the curve. Data were fitted with a non-linear least squares fitting analysis based upon the Levenberg-Marquardt method (CurveExpert v.1.34; Microcal Origin 5.0). The goodness-of-fit of each model was assessed by calculating the adjusted correlation coefficient (RÂ), Akaike's Information Criterion (AIC) (Priestley, 1981) , and the residual squared error (RSE, square root of the residual sum of squares divided by its degrees of freedom). When fitting the phase shift data in both the logistic models, we constrained a from −0·96 to −0·24, as this is the mean estimated drift (i.e. movement of the clock, unaltered by the environment) between the two phase estimations . We also examined the logistic models leaving a unconstrained, and found that the goodness of fit measures changed little (data not shown). When fitting the acute suppressive effects of light on plasma melatonin secretion, we constrained c of the logistic models to be less than, or equal to one, as the maximal response of the system is 1 (i.e. 100% suppression).
RESULTS
Plasma melatonin concentration was suppressed in a dosedependent manner during the single 6·5 h light stimulus that was administered from approximately 23.00-05.30 h during this 9 day protocol. Low illuminances evoked little change in plasma melatonin concentrations, whereas bright room light and higher illuminances completely suppressed plasma melatonin (Figs 1 and 2B) . The acute response of melatonin to increasing illuminance occurred in a nearly step-wise manner, with suppression of melatonin occurring at illuminances greater than •200 lx, with minimal suppression below 80 lux, and variable responses between the two illuminances. Endogenous circadian phase assessments conducted under carefully controlled conditions before and after the stimulus revealed that, like the acute suppressive effects of light, the circadian phase-resetting response to light varied with illuminance in a dose-dependent manner (Figs 1 and 2A) . Low illuminances (below 15 lux) evoked little phase shift, while bright room light (above 500 lux) caused an apparent saturating phase shift of the endogenous circadian melatonin rhythm. Between these illuminances (normal range of room light), the circadian phase-shifting response rose rapidly with increasing illuminance. To quantify the responsiveness of the human circadian timing system to light, we fitted the phase shift data with a variety of models that had been previously suggested for describing the response of mammalian circadian systems to light (Table 1 ). While each model significantly fitted the phase shift data (P < 0·01, approximate F tests), the three and four parameter logistic models fitted the data best. Both the logistic models estimate that the maximal response of J. M. Zeitzer and others J. Physiol. 526.3 
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Parameters are shown with the standard deviation of the fit, and adjusted RÂ is the correlation coefficient; AIC and RSE as Table 1 .
the human circadian system to a light pulse of this duration and timing is approximately 3 h, while the half-maximal response occurs with only 80-160 lx of light, a typical range of ambient indoor room illumination ( Fig. 2A) . AIC measures indicate that, though the three parameter logistic model is more parsimonious, the four parameter logistic model has a smaller RSE and larger adjusted R 2 .
Given that suppression of plasma melatonin is often used as a proxy for the effects of light on the human circadian pacemaker, we also quantified the dose-dependent acute suppression of plasma melatonin during the 6·5 h light stimulus. As with the phase shift data, we examined the same five models on this data set ( Table 2 ). Though all models significantly fitted the data (P < 0·01, approximate F tests), the three and four parameter logistic models fitted the data best (Fig. 2B) . The four parameter logistic model may fit the data better than the three parameter logistic model as the power term (d), which models the steepness of the rising portion of the curve, accounts for the extremely rapid rise in the suppression of melatonin in response to increasing light intensity. Both models predict a halfmaximal response at •50-130 lx, again within the range of normal, ambient room illumination.
DISCUSSION
Our data demonstrate that the human circadian pacemaker is much more sensitive than previously recognized to low intensity room light during the first 6·5 h of the biological night. In mammals, various models, including the power, log, cube root and logistic, have been used to describe circadian responses to photic stimuli (Stevens, 1961; Brainard et al. 1983; Nelson & Takahashi, 1991b; Boivin et al. 1996) . While each of these models predicted a monotonic, non-linear increase in the response of the human circadian pacemaker to an increasing light stimulus strength, and each model was statistically consistent with the experimental data, we found that the two logistic models were particularly effective in capturing the rate of change in response to increasing illuminances. This type of relationship between light intensity and a circadian response has been previously observed in studies of non-human mammals in which light pulses of shorter duration were administered against a background of darkness (Brainard et al. 1983; Nelson & Takahashi, 1991b; Bauer, 1992; Sharma et al. 1999) as well as electrophysiological studies of the responsiveness of the suprachiasmatic nucleus of the hypothalamus (SCN) to light (Meijer, 1991) . The shift in the phase of the melatonin rhythm (A), as assessed on the day following exposure to a 6·5 h experimental light stimulus, has been fitted with a four parameter logistic model (see Table 1 ) using a nonlinear least squares analysis. Acute suppression of plasma melatonin (B) during the light exposure also has been fitted with a four parameter logistic model (see Table 2 ) using a non-linear least squares analysis. The logistic models predict an inflection point of the curve (i.e. the sensitivity of the system) at •120 lx. Saturation of the phase-shift response is predicted to occur with •550 lx and saturation of the melatoninsuppression response is predicted to occur with •200 lx. Individual subjects are represented by þ, the model by the continuous line, and the 95% confidence intervals by the dotted lines.
indicate that, at this phase and duration, the response of the human circadian timing system to a single episode of light exposure saturates (i.e. 90 % of the asymptotic maximum response) at •550 lx for phase-shifting responses and •200 lx for melatonin suppression. Such a difference in the sensitivity of two responses that are both mediated by the circadian pacemaker has been previously observed in non-human mammals (Nelson & Takahashi, 1991a; Kanematsu et al. 1991) . The greatest rate of change (i.e. the largest derivative), as predicted by the logistic models, occurs between •50 and 600 lx (typical range of indoor room light). The occurrence of the inflection point of this curve between •50 and 160 lx indicates further that the human circadian pacemaker is highly sensitive to ordinary room light and that minor changes in room light intensity could have a major impact on entrainment of the human circadian pacemaker. However, whether the illuminance at which the inflection point and saturating response occur holds for different durations of light exposure remains to be seen. Further examination of the mechanism of integration of light over time by the human circadian pacemaker will be necessary to more fully answer this question. The pathway from photoreception to the melatonin responses that are influenced by the human circadian pacemaker involves a complex neural pathway that is postulated to lead from the SCN to the hypothalamic paraventricular nucleus (PVN), through the median forebrain bundle into the spinal cord and down the intermediolateral cell column, and then from the spinal cord to the superior cervical ganglion, which in turn innervates the pineal gland (Klein, 1993) . The observed illuminance-response relationship that we have described is likely to reflect signal transduction mechanisms operative at these different stages of regulation, including gene regulation in the SCN (Akiyama et al. 1999) , of the circadian rhythm of melatonin. The first step in the pathway is the transduction of radiant energy into a neurochemical signal. Although data from one human study have suggested otherwise (Campbell & Murphy, 1998) , which has recently been refuted (Foster, 1998; Lockley et al. 1998) , mammalian circadian photoreception occurs only in the eyes, as bilateral enucleation results in a loss of photic responsiveness (Groos & van der Kooy, 1981; Czeisler et al. 1995) . Our current and previous data are consistent with the hypothesis that the same long-, medium-and shortwavelength-sensitive cones that are used by humans for image formation are sufficient to transduce photic information to the SCN (Zeitzer et al. 1997 ). However, our data do not preclude the existence of a novel circadian photoreceptor, utilized either in conjunction with the known cones or independently, as has been suggested in human and non-human mammals (Foster et al. 1993; Provencio & Foster, 1995; Thresher et al. 1998; Lucas et al. 1999; Provencio et al. 2000) . However, the demonstration that the human circadian system is differentially sensitive to a large dynamic range of illuminances implies that the photoreceptor(s) involved in circadian responses must have conelike saturation properties. From both anatomical and physiological evidence, it has been hypothesized that mammals use type III ganglion cells to transmit photic information to the SCN (Groos & Mason, 1980; Moore et al. 1995; Provencio et al. 1998 ). The high threshold response (in comparison with that of image formation) that is implied by our data and the model fitted is consistent with the use of these ganglion cells in humans, as these cells have an elevated activation threshold. However, such a threshold could also reflect a threshold sensitivity of the SCN to the glutamatergic input from the retina or by a threshold response of downstream effector mechanisms at the PVN or pineal gland (Ding et al. 1994; Jiao et al. 1999) . Likewise, the asymptotic upper threshold may be due to the kinetics of response in the retina, SCN or downstream. Responsivity of the human circadian pacemaker to phase resetting by room light has been questioned in both past and recent studies (Wever, 1970; Aschoff et al. 1971; Wever, 1989; Van Cauter et al. 1998) . Our data, however, strongly indicate that dim room light is not a neutral circadian stimulus and must be considered in the interpretation of human circadian experimentation. This finding is supported by considerable evidence from other studies (Czeisler et al. 1981; Boivin et al. 1996; Waterhouse et al. 1998; Boivin & Czeisler, 1998) . It should be noted that in the present study, our light stimulus was administered on a background of very dim light. The contrast and timing of both the experimental stimulus and the background light (i.e. the temporal organization and contrast of all light received by the pacemaker) may provide information to the pacemaker and determine the magnitude of induced phase changes, though this postulate requires further testing. The present data indicate that the human circadian timing system is approximately a log unit more sensitive to light than was previously thought and that at the tested phase, exposure to a single 6·5 h episode of •100 lx of light will generate half of the response observed for a stimulus that is nearly 100-fold brighter (•9000 lx). However, it must be emphasized that the sensitivity of the system to light administered at different phases, especially in the region of critical resetting, will be necessary to understand more fully the physiology of human photic resetting. Nonetheless, the logistic kinetics that we observe imply that minor changes in indoor lighting condition may have a major impact on human circadian entrainment and its dysregulation, as observed in certain sleep disturbances associated with ageing, shift work and rapid time-zone changes.
